Leukocyte migration to sites of inflammation is a multistep process involving transient adhesion to the endothelium followed by cell surface-controlled proteolysis for transmigration through the vessel wall and chemotactic movement within tissues. One of the key players in this machinery appears to be the urokinase-type plasminogen activator (uPA)/uPA receptor system. The role of uPA and its receptor (CD87) in plasminogen (Plg) activation, cell adhesion, and chemotaxis is well established; however, less is known of how these activities are regulated. Here we provide evidence that the mannose 6-phosphate/insulin-like growth factor 2 receptor (CD222) controls CD87-mediated functions. Expression of human CD222 in CD222؊/؊ mouse fibroblasts downregulated Plg activation, cell adhesion, and chemotaxis induced by the uPA/CD87 system. In addition, we demonstrate that the N-terminal region of CD222, which is similar to the Plg-binding site of streptokinase, plays a crucial role in binding of CD87 and Plg. A peptide derived from this region in CD222 is able to disrupt the physical interaction of CD222 with CD87 and, furthermore, mimics the inhibitory effects of CD222 on CD87 functions. Taken together, our results indicate a novel role for CD222 in regulation of fibrinolysis, cell adhesion, and migration.
The migration of leukocytes toward the site of inflammation is a complex process in which several mechanisms are harnessed. First, leukocyte adhesion to the endothelium is mediated by a variety of receptors expressed on both leukocytes and endothelial cells. Second, cell surface-mediated proteolysis facilitates leukocyte transmigration across the vessel walls by degrading extracellular matrix proteins and basement membrane. Third, chemoattractants produced at the site of injury promote leukocyte locomotion within target tissues (1, 2) . This machinery is not restricted to leukocytes but used by all cells that migrate including tumor cells.
One of the key players in this cell migration event seems to be the urokinase-type plasminogen activator (uPA) 1 receptor (CD87). CD87 is a highly glycosylated 50 -65-kDa protein linked to the plasma membrane by glycosylphosphatidylinositol (GPI) (3, 4) . CD87 is expressed on a multitude of cells including monocytes, neutrophils, activated T cells, endothelial cells, and tumor cells. It mediates generation of cell-surface proteolytic activity by binding pro-urokinase (pro-uPA). Receptor-bound pro-uPA can be activated to uPA, which in turn activates cell-bound plasminogen (Plg) to plasmin, a serine protease with broad substrate specificity (5) . This conveys to cells a proteolytic potential required for remodeling of pericellular space during migration. Independently of its function in the fibrinolytic (Plg/plasmin) system, CD87 was shown to have further roles in cell migration (6, 7) . It was demonstrated that the binding of uPA to CD87 induced adhesion of myeloid cells to the matrix protein vitronectin (8, 9) . In addition, uPA promoted the chemotactic movement of different cell types (10 -13) . It has been suggested that the interaction of CD87 with integrins and caveolin participates in regulation of cell adhesion and in focusing of pericellular proteolysis to specific extracellular sites (14 -17) . In addition, specific inhibitors (plasminogen activator inhibitor type 1 (PAI-1) and type 2 (PAI-2)) control the activity of uPA. Once formed, the complex of PAI1⅐uPA⅐CD87 is immediately internalized by the low density lipoprotein receptor-related protein/␣ 2 -macroglobulin receptor (CD91). This leads to lysosomal degradation of uPA and subsequent recycling of disengaged CD87 back to the cell surface (18, 19) .
However, recent studies indicate that there is also an additional mechanism able to internalize CD87 independently of the CD91 pathway (20) . This mechanism may be mediated by the cation-independent mannose 6-phosphate/IGF2 receptor, recently assigned as CD222 (21) . CD222 is a ubiquitously expressed 250-kDa type I transmembrane protein. The majority of CD222 molecules (ϳ90 -95%) are located intracellularly; only 5-10% are present on the cell membrane. CD222 is a multifunctional receptor binding a multitude of ligands. It transports newly synthesized lysosomal enzymes, modified by mannose 6-phosphate residues (M6-P), from the Golgi apparatus to lysosomes; however, it also binds and internalizes exogenous M6-P-containing ligands. Furthermore, it is crucial for the internalization and degradation of IGF2 and thereby controls cell growth (22) (23) (24) . CD222 binds also CD87 and, notably, * This work was supported by the Austrian Science Fund. Part of the work was performed within the Biomolecular Therapeutics Research Consortium. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
* Plg (25, 26) . Thus, CD222 is a receptor for two critical components of the fibrinolytic system. This tempted us to speculate that CD222 is involved in the regulation of fibrinolysis.
In the present study we show that, in fact, CD222 has a general impact on CD87 functions. By employing CD222-deficient mouse fibroblasts expressing human CD222 and human CD87, we demonstrate that CD222 regulates CD87-dependent Plg activation, cell adhesion, and chemotaxis. Furthermore, we identified an amino acid stretch in CD222 to be involved in binding and regulation of CD87.
MATERIALS AND METHODS
Antibodies and Reagents-The mouse CD87 monoclonal antibodies (mAbs) H2 and C8 were obtained as a result of immunization with recombinant soluble human CD87 (amino acids 1-277), which was constructed and purified from supernatants of stably transfected Chinese hamster ovary cells as described (27) . The mouse mAbs MEM-238 and MEM-240 against CD222 were obtained in our laboratories by standard techniques from mice immunized with recombinant vaccinia virus containing CD222 (21) . The anti-pTag mAb H902-producing hybridoma cell line is reagent 521 from the National Institutes of Health AIDS Research and Reference Program. Peptide B (pepB, AVDTKN-NVLYKINIAGSV), a scrambled version of pepB (pepBscr, DILVNGAK-VATKIVNYNS), and peptide C (pepC, HDLKTRTYHSVGDSVLRS) were synthesized by Genosphere Biotechnologies (Paris, France); peptide A (pepA, QYLFSWYT) was synthesized by Pichem (Graz, Austria). Vitronectin, pro-uPA, uPA, Glu-Plg, and PAI-1, all of human origin, were products of Technoclone (Vienna, Austria). Human fibronectin, rat collagen-1, and mouse laminin were from Upstate Biotechnology, Inc. (Lake Placid, NY). Anti-mouse alkaline-phosphatase conjugate, Polybrene, all protease inhibitors, crystal violet, Triton X-100, and tranexamic acid (TA) were from Sigma. Nonidet P-40 was obtained from Pierce and plasmin substrate S-2251 from Chromogenix (Milano, Italy). BSA was a product of Behring (Marburg, Germany). All enzymes used in PCR and cloning techniques were from Roche Diagnostics (Penzberg, Germany). Primers and linkers were produced by Vienna Biocenter (Vienna, Austria).
Cell Cultures-The NIH3T3 cell line and the CD222-negative mouse fibroblasts kindly provided by Dr. E. Wagner (28) were cultured in RPMI 1640 medium supplemented with penicillin, streptomycin, glutamine, and 10% fetal calf serum. The ecotropic packaging cell line Phoenix, generously provided by Dr. G. P. Nolan (29) , was cultured in Dulbecco's modified Eagle's medium under standard conditions. Human peripheral blood mononuclear cells (PBMCs) were isolated from blood of healthy individuals by density gradient centrifugation in FicollHypaque. Monocytes were separated by 1-h adhesion to plastic.
Generation of the Retroviral Plasmid Constructs-The 8-kb fragment of the full-length human CD222 cDNA fused to the pTag DNA (26) . A 670-bp fragment was amplified by PCR from CD222-pTag/BMN-Z using the primers 5Ј-TGTCAGAATTCAGC-CAGGCAGTCGGCGCGG-3Ј containing an EcoRI site and 5Ј-CCGC-CTCGAGTTTTCCTATTGTAACAAATGCTC-3Ј containing an XhoI site. The fragment was cleaved with EcoRI and XhoI and ligated between the EcoRI (position 329 in the CD222 cDNA) and XhoI site (position 91 in the pTag DNA) of CD222-pTag/BMN-Z. This resulted in the construct with the deletion 330 -6902, coding for the protein truncated of amino acids 110 -2300 (⌬0. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Arg 2301 was replaced by Phe in this truncated form. Furthermore, an 800-bp fragment was amplified by PCR from CD222-pTag/BMN-Z using the primers 5Ј-ATAT-GAGATCTTATATGGGGCACCCCCGCC-3Ј containing a BglII site and 5Ј-TCGGGGAATTCGGCGGCCTGGGCCTGC-3Ј containing an EcoRI site. The fragment was cleaved with BglII and EcoRI and ligated into the CD222-pTag construct between the BglII (position 1930 in BMN-Z) and the EcoRI site (position 329 in the CD222 cDNA). This resulted in the construct with the deletion 131-329, coding for the protein truncated of the amino acids 44 -109 (⌬0.5). Pro 44 was replaced by Glu. To prepare a retroviral plasmid containing the non-tagged full-length CD222 cDNA, the NsiI and SalI fragment of CD222-pTag in pBMN-Z was replaced by the 6.6-kb NsiI/SalI fragment of CD222 in the pGEM vector (American Type Culture Collection, Rockville, MD). The 1.4-kb fragment with the full-length human CD87 DNA was cleaved from the pKCR vector with NruI and SacI, blunt-ended, and cloned into the EcoRI sites of the retroviral vector BMN-Z via the MunI linkers. The construct CD147-pTag/BMN-Z was a gift from Gü nther Staffler.
Generation of Stably Transduced Cells-All transfection and transduction procedures were as described (Refs. 29 and 31; www-leland. stanford.edu/group/Nolan). Briefly, the retroviral plasmids were used for transient transfection of the ecotropic packaging cell line Phoenix by the Superfect Transfection method (Qiagen, Hilden, Germany). Three days after transfection, the supernatants containing viral particles were mixed with Polybrene (4 g/ml) and the mixtures were used to transduce target cells. CD222-negative mouse fibroblasts were transduced with human CD222, CD87, and both receptors; NIH3T3 cells were transduced with the pTag-tagged full-length and truncated forms of CD222. The expression of the recombinant proteins was verified by fluorescence-activated cell sorting staining with specific mAbs; positive cells were selected by limiting dilution for further study.
Flow Cytometry-Cells were detached, washed, and incubated with PBS containing 1% BSA and the primary mAbs for 20 min on ice. After washing, cells were incubated with fluorescein isothiocyanate-conjugated sheep F(abЈ) 2 anti-mouse IgGϩIgM (HϩL) antibodies (An der Grub, Kaumberg, Austria) for 20 min on ice, again washed, and analyzed with a flow cytometer (FACScan, Becton Dickinson, Heidelberg, Germany).
Purification of Receptor Proteins-Transductants (5 ϫ 10 7 ) were lysed for 30 min on ice in lysis buffer (LB; 20 mM Tris-HCl, 140 mM NaCl, pH 8.2) containing 1% Nonidet P-40 as a detergent and a mixture of protease inhibitors (5 mM iodoacetamide, 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM querce-
Lysates were centrifuged for 5 min at 10,000 ϫ g at 4°C, and the supernatants were subjected to affinity chromatography using anti-pTag mAb H902 coupled to Sepharose. The columns were washed with LB, and purified receptor proteins were eluted from the column with elution buffer (20 mM Tris-HCl, 140 mM NaCl, pH 11.7). The eluted fractions were adjusted to pH 7.5 using HCl.
In Vitro Binding Assay-Ten g/ml amounts of various molecules were coated on a 96-well Falcon plate in PBS (pH 8.7) for 2 h at 37°C. The wells were blocked with 1% BSA in PBS for 1 h at room temperature and washed two times with binding buffer (BB; 20 mM Tris-HCl, 140 mM NaCl, pH 7.5). Wells were then incubated 4 h on ice with BB supplemented with 5 g/ml purified receptors in the absence or presence of additional molecules and washed two times with ice-cold BB. Bound material was separated by SDS-PAGE followed by transfer to Immobilon polyvinylidene difluoride membranes (Millipore Co., Bedford, MA). Membranes were blocked by using 4% nonfat milk and immunostained with specific mAbs. For visualization of proteins, the ECL system and the Lumi-Imager were used (Roche Diagnostics, Mannheim, Germany).
Immunoprecipitation-All procedures were done as described (14) . Briefly, cells (5 ϫ 10 7 mouse fibroblast transductants or purified human monocytes) were lysed in LB containing 1% Nonidet P-40 and the mixture of protease inhibitors (see above). Cell lysates were subjected to immunoprecipitation using specific mAbs coated on a 96-well Falcon plastic plate via goat anti-mouse Ig (HϩL) antibodies (Southern Biotechnology Associates, Inc., Birmingham, AL). After 3 h at 4°C the immunoprecipitates were washed and analyzed by SDS-PAGE and immunoblotting.
Plasminogen Activation Assay-We slightly modified a previously described method (32) . After harvesting by trypsinization, mouse fibroblasts were seeded into a 96-well plate (Nunc, Roskilde, Denmark) at a density of 2 ϫ 10 3 or 2 ϫ 10 4 cells/well and cultured in RPMI 1640 medium containing 10% fetal calf serum to subconfluence or confluence, respectively. Monocytes were separated from human PBMCs by 1-h adhesion to a 96-well plate (1 ϫ 10 6 /well). Cell monolayers were washed with serum-free medium, incubated with 3 nM pro-uPA at 37°C for 20 min. After washing twice, Plg (50 nM) and the chromogenic plasmin substrate S-2251 (0.8 mM) were added. Cells were incubated at 37°C, and after different time intervals the absorbance change at 405 nm was monitored by using an enzyme-linked immunosorbent assay reader (Anthos Labtec Instruments, Salzburg, Austria).
Adhesion Assay-Cells were harvested, washed, and resuspended in serum-free medium. Various matrix proteins as indicated were coated on a 96-well plate (Nunc) in RPMI 1640 medium for 2 h at 37°C. Wells were blocked by using 1% BSA, washed and then incubated either with mouse fibroblasts (1 ϫ 10 4 /well) or with human PBMCs (1 ϫ 10 6 /well) in the presence or absence of 10 nM uPA. After 40-min incubation at 37°C, wells were washed gently by immersion in a plastic tray containing RPMI 1640 medium. Adhered cells were fixed by methanol and stained by crystal violet. After intense washings, cells were solubilized in 0.5% Triton X-100 and the number of cells was determined by measuring the absorbance at 595 nm using an enzyme-linked immunosorbent assay reader.
Chemotaxis Assay-Chemotaxis analysis was performed in a 24-well plate using tissue culture polycarbonate filter inserts (10-mm diameter, 8-m pore size, Nunc) coated with vitronectin (10 g/ml) and blocked with BSA. Mouse fibroblasts (5 ϫ 10 4 ) or human PBMCs (1 ϫ 10 6 ) prepared as for the adhesion assay were resuspended in 300 l of serum-free medium and loaded into the upper chamber of an insert. Ten nM uPA in 300 l of serum-free medium was added into the lower chamber. After 4-h incubation at 37°C, the filters were removed, the upper surface of the membrane was scraped free of cells, and the number of cells that had migrated to the lower surface was measured by crystal violet as described before.
Statistical Analysis-The experiments shown in Figs. 2, 3, 4, 9, and 10 were performed at least three times in duplicate. A two-sided Student's t test was used for the statistical evaluation, and p values Ͻ0.05 were considered significant.
RESULTS

Generation of Cells Expressing Human CD222, Human CD87, or Both
Receptors-Our previous study demonstrated physical interaction of CD222 with CD87 on the surface of monocytes (26) . However, a cell system with CD222-negative background was required to investigate the functional consequences of this interaction. Mouse fibroblasts derived from CD222-deficient embryos (Ϫ/Ϫ) appeared to be suitable for that purpose. By using a retroviral system, we engineered these cells to express human CD222 (CD222 ϩ ), human CD87 (CD87 ϩ ) or both receptors (CD222 ϩ /CD87 ϩ ) (see "Materials and Methods"). Cell surface expression on the transductants was evaluated by immunofluorescence analysis and flow cytometry using CD222 and CD87 mAbs. Fig. 1 shows a low CD222 surface expression that is similar to the expression of native CD222 on human cells (CD222 is mainly expressed intracellularly with only 5-10% on the cell surface (Ref. 22) ). To test whether CD87 and CD222 also interact physically in the transductants, we solubilized CD222 ϩ /CD87 ϩ cells using Nonidet P-40 as a detergent and subjected the lysate to immunoprecipitation followed by immunoblotting analysis. Immunoprecipitates obtained by the CD87 mAb H2 (Fig. 1, inset) or CD222 mAb MEM-240 (data not shown) contained both CD87 and CD222 as demonstrated by blotting with the CD87 mAb C8 or the CD222 mixture (mix of CD222 mAbs MEM-238 and MEM-240). This indicated that, not only in monocytes but also in the mouse fibroblast transductants, CD222 and CD87 were physically associated. Thus, the cell system generated by us was considered to be appropriate to analyze the functional consequence of this interaction.
CD222 Regulates CD87-dependent Functions-We analyzed the effect of the CD222-CD87 interaction on CD87-mediated Plg activation, cell adhesion, and chemotaxis. First, the ability of the engineered cells to activate Plg was tested. Cells were preincubated with human pro-uPA, washed, and then incubated with Plg together with the chromogenic plasmin substrate S-2251. As can be seen in Fig. 2, CD87 ϩ cells activated Plg at a rate ϳ4-fold higher than did Ϫ/Ϫ cells. In contrast, when CD222 was co-expressed with CD87 in CD222
ϩ /CD87 ϩ co-transductants, Plg activation was repressed. Furthermore, we found that the responses of the CD222 ϩ /CD87 ϩ co-transductants, but not those of the CD87 ϩ single transductants, were density-dependent. Confluent CD222 ϩ /CD87 ϩ cells displayed ϳ80% of the Plg activation rate of CD87 ϩ cells, whereas subconfluent CD222 ϩ /CD87 ϩ cells showed only ϳ50% (Fig. 2  and data 
CD87
ϩ cells by fluorescence-activated cell sorting analysis, we saw an almost 3-fold higher surface expression of CD222 on subconfluent cells (mean fluorescence intensity 11 Ϯ 3 versus 4 Ϯ 2, n ϭ 3); CD87 expression remained unchanged. This pattern was also confirmed by biochemical analysis comparing surface biotinylated versus total CD222 (data not shown). A similar density-dependent expression of CD222 was observed with hepatocytes (33) . Thus, surface expression of endogenous CD222 appears to correlate inversely with the function of CD87. Together with the more pronounced uPA-induced responses of CD87 ϩ single transductants, this finding suggests that CD222-free forms of CD87 are responsible for the observed functional effects in our experiments. The Plg activation of the CD87 ϩ single transductant was abolished in the presence of the lysine analogue TA, an inhibitor of Plg binding to the cell surface, indicating that cell-bound Plg was required for activation (Fig. 2) . Moreover, the uPA inhibitor PAI-1 also inhibited Plg activation of the CD87 ϩ cells demonstrating the uPA dependence of this process.
Second, we tested the adhesive capacity of the individual transductants. Cells were incubated in wells precoated with various matrix proteins in the absence or presence of human uPA. After washing, the number of cells that remained adhered was evaluated (Fig. 3) . CD222-negative cells (Ϫ/Ϫ) adhered to collagen reproducibly stronger than to vitronectin (45 Ϯ 3% or 35 Ϯ 2% adherent cells, respectively). Adhesion to fibronectin was weaker (19 Ϯ 1%), and adhesion to laminin was low (8 Ϯ 1%). In comparison, CD87 ϩ cells manifested stronger adhesion to vitronectin (52 Ϯ 2%, Fig. 3A ) and this effect was significantly enhanced by uPA (74 Ϯ 2% of adherent cells, compare Fig. 3, A and B) . When CD222 was co-expressed with CD87 (CD222 ϩ /CD87 ϩ cells), this CD87-mediated adhesion to vitronectin was not observed both in the uPA-treated and nontreated cells. In contrast to the adhesion to vitronectin, expression of CD87 and co-expression with CD222 had minimal or no effect on the adhesiveness of the transductants to fibronectin, collagen, and laminin. The uPA inhibitor PAI-1 blunted the CD87/uPA-induced adhesion to vitronectin demonstrating the specificity of the effect (Fig. 3C) .
Third, we evaluated the contribution of CD222 to CD87/uPAinduced chemotaxis using modified Boyden chambers coated with vitronectin (Fig. 4) . The basal migration of Ϫ/Ϫ cells was low (14 Ϯ 1%). However, when CD87 was expressed, ϳ2 times more cells migrated (28 Ϯ 2%). When uPA was added to the lower compartment of the chamber, CD87 ϩ cells increased significantly the migratory response (50 Ϯ 3% of cells); this effect was abrogated by PAI-1. In contrast, cells co-expressing CD87 plus CD222 did not show a significantly different migration behavior in comparison to Ϫ/Ϫ cells both in the presence or absence of uPA. This result indicates a negative modulatory effect of CD222 on CD87-mediated cell migration.
The N-terminal Region of CD222 Is Critical for Binding of CD87 and Plg-To gain insight into how CD222 interacts with CD87 and Plg, we mapped the binding sites within CD222. We generated several truncated forms of CD222 lacking different regions of the extracellular part of CD222. A peptide sequence tag (termed pTag) was fused to the full-length receptor and all truncated forms for convenient purification and detection of the recombinant CD222 proteins by using the anti-pTag mAb H902
FIG. 3. Cell adhesion assay. Cells (Ϫ/Ϫ, CD87
ϩ , CD222 ϩ , CD222 ϩ / CD87 ϩ mouse fibroblasts) were harvested, washed with serum-free medium, and seeded into a 96-well plate pre-coated with the indicated matrix proteins. Cells were incubated at 37°C in medium containing no additional molecule (A), 10 nM uPA (B), or 10 nM uPA plus 10 units/ml PAI-1 (C). After 40 min, wells were washed, and attached cells were fixed and stained with crystal violet. The cell number was determined by measuring the absorbance at 595 nm, and cell adhesion was expressed as percentage of the total amount of cells added to the wells. As analyzed by SDS-PAGE, the molecular weights of the truncated receptors were in agreement to those predicted by their amino acid compositions (Fig. 5B) . To analyze direct binding, the purified pTag-tagged full-length and truncated receptor proteins were incubated with immobilized soluble recombinant CD87 or Plg. Bound material was then analyzed using the H902 mAb. The full-length receptor (⌬0) as well as the mutants lacking domains 2-5 (⌬2-5), 6 -9 (⌬6 -9), 2-9 (⌬2-9), or 9 -14 (⌬9 -14) and the smallest form containing only the N-terminal part (⌬0.5-15) were all able to bind to Plg and CD87. In contrast, the truncated form lacking the N-terminal region (⌬0.5) did not exhibit binding of either Plg or CD87 (Fig. 6A and data not shown). The binding of both ⌬0 and ⌬0.5-15 to Plg was lysine-dependent because it was abolished in the presence of TA (Fig. 6B) . Thus, the N-terminal part of CD222 appeared to be crucial for binding of both Plg and CD87.
The N-terminal Region of CD222 Is Similar to the Plg-binding Region in Streptokinase, and a Peptide Derived from That
Region Can Disrupt the CD222-CD87 Complex-Comparison of the amino acid sequence of the N terminus of CD222 with already characterized Plg-binding proteins revealed similarity with the N-terminal part of streptokinase (Fig. 7) . Streptokinase is a protein secreted by streptococci with the potential to degrade tissue barriers by binding and activating Plg (35) . The region of streptokinase similar to the N terminus of CD222 was shown to share a common epitope with the putative Plg-binding site of fibronectin (36) .
The sequences were compared by using ClustalW multiple alignment at the Network Protein Sequence @nalysis web server (npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?pageϭ/NPSA/ npsa_clustalw.html). This analysis revealed 20, 10, or 29% identical, as well as 32, 40, or 30% similar residues between the sequence stretches of CD222/streptokinase, CD222/fibronectin, or streptokinase/fibronectin, respectively (Fig. 7) . Then we evaluated the significance of the protein sequence alignment by using the PRSS3 program at the Swiss node of EMBnet (www.ch.embnet.org/software/PRSS_form.html). PRSS3 repeatedly shuffles one of the sequences that are compared and calculates optimal similarity scores using the Smith-Waterman algorithm. We selected 1000 shuffles, window size 10, blosum50 scoring matrix, and gap opening/extension penalty 10/1. Using this setting, the similarity scores for the sequence stretches CD222/streptokinase, CD222/fibronectin, or streptokinase/fibronectin were 46, 29, or 76, respectively, corresponding to 4.9, 213, or 1.9 expectations for 1000 sequences. This means the likelihood to obtain by chance a similarity score of 46, as found for CD222 and streptokinase, is 4.9 in 1000 sequence comparisons. In contrast, with 213/1000 there is no similarity between CD222 and fibronectin. This sequence relatedness between CD222 and streptokinase together with the results from the mapping analysis of CD222 prompted us to design peptides based on the N-terminal sequence of CD222 and to analyze their influence on CD222-CD87 interaction and function.
Two peptides were synthesized: pepB, derived from the stretch similar to the site in streptokinase playing a crucial role for Plg binding (37) ; and pepC, derived from the sequence corresponding to the site of streptokinase involved in Plg activation rather than binding (38) (Fig. 7) . The peptides were contrived to encompass both the conserved residues and the lysines implicated in Plg binding. To avoid formation of cyclic or self-assembled peptides, which we had experienced in our previous studies with cysteine-containing peptides (data not shown), we replaced the cysteine in CD222 by alanine in the . Designations of the constructs correspond to the deleted extracellular repeat domains as indicated. The short peptide pTag (pT) containing an epitope recognized by the specific mAb H902 was fused to the C termini of all constructs. Molecular weights of the recombinant CD222 proteins were predicted according to their amino acid contents. B, lysates prepared from NIH3T3 cells stably expressing the recombinant CD222 proteins were analyzed by SDS-PAGE followed by immunoblotting analysis using anti-pTag mAb H902. Samples were separated on either 4% (left panel) or 12% (right panel) polyacrylamide gels. Molecular weight standards are shown along the panel borders.
FIG. 6. Mapping of the binding sites for Plg and CD87 within CD222.
A, wells of a Falcon plate were coated with 10 g/ml Plg or soluble CD87 and blocked with BSA. After washing, wells were incubated with binding buffers containing the purified pTag-tagged fulllength (⌬0) and truncated forms of CD222 (⌬2-9, ⌬9 -14, ⌬0.5-15, ⌬0.5) or control pTag-tagged protein (pT CTR, CD147-pTag). After 3-h incubation at 4°C, wells were washed and bound material was analyzed by SDS-PAGE on a 12% (⌬0.5-15, pT CTR) or a 4% gel followed by immunoblotting using the anti-pTag mAb H902. B, binding analysis of ⌬0 and ⌬0.5-15 was performed in the absence (Ϫ) or presence (ϩ) of 5 mM TA. Respective samples of the binding solutions were applied onto the gels as positive controls (CTR).
pepB sequence (Fig. 7) . As a control, we used a scrambled version of pepB, pepBscr, and pepA derived from domain 15 of CD222.
To test these peptides for their ability to influence the interaction of CD222 with CD87 in cells, CD222
ϩ /CD87 ϩ cells and monocytes, in which the complex of CD222 with CD87 was originally described (26), were used. Cells were lysed, and the lysates were subjected to immunoprecipitation in the presence and absence of the peptides. PepB (but not pepC or the control peptides, pepBscr and pepA) was able to disturb the physical interaction of CD222 and CD87 (Fig. 8 and data not shown) .
The Peptide Derived from the N-terminal Region of CD222 Can Modulate CD87-dependent Functions-Next, we examined the peptides described above for their ability to modulate the functions of CD87. In particular, we found that pepB abolished the uPA-induced induction of Plg activation, as well as adhesion to and chemotaxis on vitronectin through CD87 ϩ transductants (Fig. 9) . It also inhibited the density-dependent responses of CD222 ϩ /CD87 ϩ cells (data not shown). PAI-1 was used as a control inhibitor (Fig. 9A) , and the results are in accord with published data (3, 39 -41) . PAI-1 reduced also the basal adhesion of the CD87 ϩ cells to vitronectin, which is the cause of the 120% inhibition. The median inhibitory concentration (IC 50 ) of pepB for uPA-induced adhesion of CD87 ϩ cells on vitronectin was found to be ϳ10 M (Fig. 9B) . The other peptides used in these experiments (pepBscr, pepC, pepA) had no or little effect.
Finally, we tested whether the peptides had any effect in cells expressing both CD87 and CD222 under normal conditions. Human monocytes fulfill this criterion and are additionally known to employ CD87 for cell migration (11) . As shown in Fig. 10 , pepB but not pepC or control peptides, pepBscr and pepA, reduced Plg activation by 34 Ϯ 2%. Furthermore, when human PBMCs were allowed to adhere to vitronectin, uPAinduced cell adhesion was suppressed by 59 Ϯ 6% in the presence of pepB, and the chemotactic response to uPA was reduced by 53 Ϯ 8%. For comparison and as a control, PAI-1 known to inhibit uPA-mediated functions (3, 39 -41) was included. Furthermore, we found that pepB was able to inhibit by 80% the uPA-induced migration of human smooth muscle cells, another cell type that migrates in response to uPA (42) . These data are in good agreement with those obtained with the transduced mouse fibroblasts. In summary, we show that a peptide (pepB) derived from the N terminus of CD222 mimics the effect of CD222 on CD87-mediated Plg activation, cell adhesion, and chemotaxis.
DISCUSSION
In the present study we provide for the first time evidence that CD222, which directly binds CD87 and Plg (25, 26) , is a regulator of fibrinolysis and cell migration. By gene transfer we were able to show that CD222 expression down-regulated CD87-mediated Plg activation, cell adhesion, and chemotaxis. Furthermore, a peptide derived from the region within CD222 could be identified as critical for the interaction with CD87 and Plg, and was effective in modulation of CD87-mediated functions.
Mouse CD222-negative fibroblasts expressing human CD87 displayed augmented cell surface-associated Plg activation. This finding is in agreement with the established model that binding of uPA to CD87 leads to amplification of cell surfaceassociated proteolytic activity. PAI-1, a potent inhibitor of uPA, inhibited activation of Plg, confirming the Plg activator dependence of this process. The activation was also totally abolished in the presence of TA, a lysine analogue known to prevent Plg binding to lysine-binding sites on cells (43, 44) , indicating that binding of Plg to cells was required for its activation. Co-expression of human CD222 reduced the enhanced ability of CD87 ϩ cells to activate Plg. This finding was the first to indicate that CD222 had a regulatory effect on CD87-mediated functions.
In addition to its contribution to the proteolytic cascade, CD87 participates also in cell adhesion and chemotaxis. Occupancy of CD87 by uPA promoted cell adhesion to vitronectin, an abundant component of the extracellular matrix (8, 9) , and chemotactic locomotion of different cell types was induced by uPA binding to CD87 (10 -13) . Our model system is consistent with and confirms these findings. Expression of human CD87 in mouse CD222Ϫ/Ϫ fibroblasts caused significantly enhanced adhesion to vitronectin, and this increase was more profound in the presence of uPA (Fig. 3) . Furthermore, the uPA-induced chemotactic locomotion of CD87 ϩ fibroblasts was significantly higher as compared with the untransduced parental cells. PAI-1 inhibited both the uPA-induced cell adhesion and chemotaxis of CD87 ϩ cells. This inhibition is in accord with previous studies demonstrating down-regulation of adhesion and chemotaxis by PAI-1 through either inhibition of CD87 binding to vitronectin (45) and/or promotion of CD87 internalization by CD91 (41) and, thus, confirms the uPA/CD87 dependence of these processes in these cells. Noteworthy, as in the Plg activation assay, expression of CD222 reversed the uPA/CD87- FN, amino acids 1735-1783) . Conserved residues are framed, and conservative exchanges are indicated by dots or parentheses, respectively. The peptides (pepB and pepC) derived from that region are shown. Alanine within the pepB sequence that replaced cysteine in CD222 is underlined. Amino acids of CD222 were counted including the 40-residue-long leader sequence. mediated adhesion and chemotaxis.
To understand how CD222 affects CD87 functions at the molecular level, we mapped the binding sites for CD87 and Plg on CD222. Our data demonstrate that the N-terminal region of CD222 is critical for binding of both CD87 and Plg. The relevance of the N-terminal region of CD222 in this interaction is underlined by its similarity to the N-terminal part of streptokinase (Fig. 7) , which binds and activates Plg, thereby facilitating invasion of bacteria through the host tissue barriers. The stretch around Val 19 in the N terminus of streptokinase is implicated in Plg binding (35, 37) , and that around Leu 42 is involved in activation of Plg (38) . From the corresponding sequences within the N terminus of CD222, we designed two peptides, termed pepB and pepC, respectively. PepB but not pepC was able to disrupt physical interaction of CD222 with CD87 as shown by co-precipitation analysis. Moreover, the same peptide had an inhibitory effect on uPA/CD87-mediated Plg activation, cell adhesion, and chemotaxis of CD87 ϩ single transductants, the density-dependent responses of CD222 ϩ / CD87 ϩ transductants, as well as the responses of monocytes.
Therefore, it is tempting to speculate that we have established an agonistic peptide from CD222, which targets CD222-free forms of CD87 and thereby mimics the inhibitory effect of endogenous CD222 on CD87. Several possibilities can be envisaged of how CD222 controls CD87 functions. First, steric hindrance could lead to masking of uPA binding sites on CD87 by CD222 and thus to the blockade of CD87 functions. Second, the finding of Nykjaer and colleagues (25) showing that CD222 targets CD87 into lysosomes suggests internalization of CD87 by CD222 followed by degradation of CD87. This pathway might be different from the CD91-mediated internalization, ligand clearing, and recycling of CD87, which leads to re-activation instead of termination of CD87 functions (18, 19) . Third, interaction of CD222 with CD87 could influence the ligand binding capacity of CD87 by changing the CD87 conformation. Finally, binding of CD222 and CD87 could alter the complex formation of CD87 with other membrane partners, Src kinases (46), integrins (14) , CD91 (18), CD130 (47), caveolin (48), L-selectin (49) , and thereby the functions underlying these molecular interactions.
The platforms of these interactions seem to be GPI microdomains or lipid rafts (14, 26, 48, 50) . These plasma membrane compartments are more and more viewed as to control receptor signaling across the plasma membrane and execution of receptor functions at the membrane by facilitating association/dissociation of receptors, transmembrane adaptors, and submembrane signaling components (51) . These microdomains are characterized by low density and by the enrichment of the GPI proteins expressed in a given cell, glycosphingolipids, cholesterol, and Src kinases; they are also devoid of most transmembrane receptor proteins. The "CD87 microdomain" of monocytes is special, as it harbors among GPI proteins exclusively CD87 and contains as constitutive components the transmembrane receptors CD222 and integrins (14, 26) . Human CD87 and human CD222 meet also in the membrane of the mouse fibroblast transductants in such low density microdomains ( Fig. 1  and data not shown) .
CD222 circles between trans-Golgi network, lysosomes, plasma membrane, and endosomes with a rapid turnover. This trafficking appears to be regulated by a variety of factors including CD222 ligands, growth factors, retinoic acid, and phorbol esters (52) (53) (54) (55) . Thus, the number of CD222 molecules in the plasma membrane can be rapidly changed in response to various stimuli. In respect to our data, this shuttling might allow cells a tight and quick control of cell surface-associated proteolysis, adhesion, and chemotaxis. CD222 was proposed as a FIG. 10 . Effects of the CD222-derived peptides on uPA-induced functions with human monocytes and PBMCs. The Plg activation assay was performed with monocytes adhered to a 96-well plate as described with fibroblasts ( Fig. 2) in the presence of 15 M peptides or 10 units/ml PAI-1. Plasmin activity was measured after 6 h. The cell adhesion assay was carried out with human PBMCs. The assay was performed as with fibroblasts (Fig. 3) in the presence of 10 nM uPA alone or together with 15 M peptides or 10 units/ml PAI-1. The chemotaxis assay was performed with PBMCs as in Fig. 4 in the presence of 10 nM uPA alone or together with 15 M peptides or 10 units/ml PAI-1. The inhibition of 0% corresponds to the value obtained in the presence of uPA alone; the inhibition of 100% corresponds to the value obtained in the absence of uPA. Experiments were repeated three times in duplicate; the mean values Ϯ S.D. (*, p Ͻ 0.05) are shown.
FIG. 9. Effects of the CD222-derived peptides on uPA-induces functions with CD87
؉ fibroblast transductants. A, the Plg activation assay, the adhesion assay on vitronectin, and the chemotaxis assay were performed as described in Fig. 2, 3, or 4 , respectively, in the presence of either 15 M amounts of the indicated peptides or 10 units/ml PAI-1. The inhibition of 0% corresponds to the value obtained in the presence of uPA alone; the inhibition of 100% corresponds to the value obtained in the absence of uPA. B, IC 50 determination of the effect of the peptides on cell adhesion to vitronectin. Basically, the cell adhesion assay was performed as described in tumor suppressor by, e.g., scavenging of the growth factor IGF2, activation of transforming growth factor-␤1 (56) . The loss of CD222 function may, therefore, not only lead to uncontrolled growth but also to loss of control over CD87 and consequently to elevated pericellular proteolysis and increased invasion of tumor cells.
